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Summary

AUXIN RESPONSE FACTORS (ARFs) regulate auxin-mediated transcriptional activation/repression. They are

encoded by a gene family in Arabidopsis, and each member is thought to play a central role in various auxin-

mediated developmental processes. We have characterized three arf2 mutant alleles, arf2-6, arf2-7 and arf2-8.

The mutants exhibit pleiotropic developmental phenotypes, including large, dark green rosette leaves, delayed

flowering, thick and long inflorescence, abnormal flower morphology and sterility in early formed flowers,

large organ size and delayed senescence and abscission, compared with wild-type plants. In addition, arf2

mutant seedlings have elongated hypocotyls with enlarged cotyledons under various light conditions. The

transcription of ACS2, ACS6 and ACS8 genes is impaired in the developing siliques of arf2-6. The phenotypes of

all three alleles are similar to those of the loss-of-function mutants obtained by RNA interference or

co-suppression. There is no significant effect of the mutation on global auxin-regulated gene expression in

young seedlings, suggesting that ARF2 does not participate in auxin signaling at that particular developmental

stage of the plant life cycle. Because ARF2 is thought to function as a transcriptional repressor, the prospect

arises that its pleiotropic effects may be mediated by negatively modulating the transcription of downstream

genes in signaling pathways that are involved in cell growth and senescence.
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Introduction

The plant hormone auxin typified by indole-3-acetic acid

(IAA) regulates a variety of physiological and developmental

processes, including apical dominance, tropic responses,

lateral root formation, vascular differentiation, embryo pat-

terning and shoot elongation (Davies, 1995). At the cellular

level, auxin application modulates cell elongation, division

and differentiation through transcriptional regulation of

specific genes (Abel and Theologis, 1996; Leyser, 2002). Two

classes of transcription factors, ARF and the Aux/IAA pro-

teins, act as the key regulators of auxin-mediated gene

expression (Guilfoyle et al., 1998; Liscum and Reed, 2002). A

typical ARF protein contains a B3-like DNA binding domain

in its N-terminus region and domains III and IV similar to

those present in the Aux/IAAs in their C-terminus region

(Guilfoyle and Hagen, 2001; Ulmasov et al., 1997b). The ARF

proteins bind to auxin-responsive elements (AuxREs) in the

promoter region of auxin-responsive genes, including Aux/

IAAs, through their DNA binding domain (Abel et al., 1996;

Ulmasov et al., 1997b, 1999a). The amino acid composition

of their middle region determines whether an ARF protein is

a transcriptional activator or repressor (Tiwari et al., 2003;

Ulmasov et al., 1999b). The Aux/IAAs are short-lived nuclear

proteins; most of them contain four highly conserved

domains (I–IV) (Abel et al., 1994; Reed, 2001). Each domain

contributes to the functional properties of the protein (Kim

et al., 1997; Ouellet et al., 2001; Ramos et al., 2001; Tiwari

et al., 2004; Ulmasov et al., 1997b, 1999a). The Aux/IAA

proteins, while they do not bind to the AuxREs directly,

regulate auxin-mediated gene expression by controlling the

activity of ARFs by protein–protein interactions (Kim et al.,

1997; Tiwari et al., 2003; Ulmasov et al., 1997b). These

molecular observations suggest that the vast and diverse

combinations of dimers among the Aux/IAA and ARF gene

family members may regulate auxin-mediated gene
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expression in a cell- and tissue-specific manner (Abel et al.,

1994; Kim et al., 1997). The prospect arises that auxin signals

are converted into specific responses by matching pairs of

co-expressed ARF and Aux/IAA proteins (Weijers and Jur-

gens, 2004). More importantly, the Aux/IAA proteins are

targets for degradation by the SCFTIR1 complex, and auxin

promotes directly the interaction of Aux/IAAs with the

SCFTIR1 complex (Dharmasiri and Estelle, 2004; Gray et al.,

2001). Therefore, stability of the Aux/IAA proteins is the

central regulator of auxin signaling.

Several gain-of-function Aux/IAA mutants, including

shy2/iaa3 (Tian and Reed, 1999), axr2/iaa7 (Nagpal et al.,

2000), slr/iaa14 (Fukaki et al., 2002), arx3/iaa17 (Rouse et al.,

1998) and iaa28-1 (Rogg et al., 2001) and axr5/iaa1 (Yang

et al., 2004), have been isolated by forward genetics. These

mutants have amino acid substitutions in highly conserved

residues of domain II, and they cause altered auxin response

and dramatic defects in growth and development. Loss-of-

function mutations of AUX/IAAs do not show an obvious

visible growth phenotype (Nagpal et al., 2000; Rouse et al.,

1998; Tian and Reed, 1999; Y. Okushima and A. Theologis,

unpublished data). Forward and reverse genetic analyses led

to the isolation of loss-of-function mutants in five ARF

genes. Mutations in ARF3/ETT affect gynoecium patterning

(Nemhauser et al., 2000; Sessions et al., 1997). Loss-of-

function mutations of ARF7/NPH4/MSG1 result in impaired

hypocotyl response to blue light and other differential

growth responses associated with changes in auxin (Harper

et al., 2000; Stowe-Evans et al., 1998; Watahiki and Yama-

moto, 1997). Mutations in ARF5/MP interfere with the

formation of vascular strands and the initiation of the body

axis in the early embryo (Hardtke and Berleth, 1998).

Mutations in ARF2/HSS have been identified as extragenic

suppressors of the hookless phenotype. It appears that ARF2

acts as one of the communicating links between the ethylene

signaling pathway and other signaling pathways for regu-

lating apical hook formation (Li et al., 2004). Lastly, ARF8

functions in hypocotyl elongation and is involved in auxin

homeostasis (Tian et al., 2004).

Functional genetic analysis of the ARF gene family

members using reverse genetic analysis led to the identifi-

cation of T-DNA insertions in 18 of the 23 ARF genes

(Okushima et al., 2005). Most of the mutants failed to show

an obvious growth phenotype, except for the previously

identified mutants mentioned above, suggesting that there

are functional redundancies among the ARF proteins. Sub-

sequent construction of double mutants among the various

ARF single mutants led to identification of several double

mutants with novel and unique developmental defects. For

example, the arf7 arf19 double mutant shows severe auxin-

related phenotypes not found in the arf7 and arf19 single

mutants, including severely impaired lateral root formation

and abnormal gravitropism in the hypocotyl and the root

(Okushima et al., 2005). The phenotype of arf1arf2 (Li et al.,

2004; Okushima et al., 2005) is similar to, but much stronger

than, that of arf2 reported by Li et al. (2004), and ar6arf8 has

dwarfed aerial tissue and exhibits severe defects in flower

development (Okushima et al., 2005). The analysis suggests

the presence of both unique and overlapping functions

among the ARF gene family members in Arabidopsis

(Okushima et al., 2005).

Herein, we report the phenotypic characterization of three

arf2 insertionmutants identified during the global functional

analysis of the ARF gene family members (Okushima et al.,

2005). All themutants show the same developmental defects

including large leaf size and inflorescence stem, flowers with

abnormal morphology, delayed flowering and senescence.

In addition, arf2 seedlings have long hypocotyls under

various light conditions. Null mutant transgenic lines

obtained by co-suppression and RNA interference (RNAi)

have the same phenotypes as the T-DNA alleles. The data

suggests that ARF2 is a part of transcriptional complexes

responsible for regulating diverse signaling pathways lead-

ing to pleiotropic developmental defects.

Results

The ARF2 gene and its insertions

Figure 1(a) shows the structure of the ARF2 gene and the

location of three T-DNA insertion alleles, arf2-6, arf2-7 and

arf2-8, previously reported by Okushima et al. (2005). The

ARF2 gene (At5g62000) has 15 exons and encodes a

95.7-kDa polypeptide (v5.0 of the Arabidopsis genome

annotation, Okushima et al., 2005). The At5g62000 locus

was originally annotated to contain two open reading

frames (ORFs) adjacent to each other (The Arabidopsis

Genome Initiative, 2000). One ORF was annotated as ‘auxin

response factor-like protein’ (At5g62000) and the other as

‘ARF1 binding protein’ (At5g62010), as noted by Li et al.

(2004). Isolation of full-length cDNAs (AF378862, AY669787)

showed these two ORFs to be part of a single gene named

AUXIN RESPONSE FACTOR 2 (ARF2) (Ulmasov et al.,

1999b). The T-DNA insertions of arf2-6 and arf2-8 are

located in the 12th exon, after codon G494 (nt T2549 from

ATG) and N677 (nt C3097), respectively. The insertion of

arf2-7 is located in the 13th exon after codon F768

(nt G3962). All three insertions are located downstream of

the DNA binding domain of ARF2 (Figure 1a). RT-PCR

analysis using primers annealing to the 3¢ region of ARF2

(primers F2 and R2; Figure 1a), detected no expression

downstream of the arf2-6 and arf2-7 insertions (Figure 1b,

top panel). However, similar analysis with primers anneal-

ing to the 5¢ region of ARF2 upstream of the insertions

(F1 and R1; Figure 1a) detected the expression of truncated

ARF2 transcripts in higher abundance than that of the intact

wild-type transcript (Figure 1b). The expression of the ARF2

mRNA in wild type and arf2-6 allele was also determined in
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this study from experiments on the effect of arf2-6 mutation

on global auxin-regulated gene expression using high-

density oligonucleotide arrays (Affymetrix ATH1 GeneChip;

see below). The Affymetrix ATH1 GeneChip was originally

designed according to the annotation of the Arabidopsis

Genome Initiative (2000) and thus has two probe sets; one

set corresponds to At5g62000 (5¢ region of ARF2) and the

other to At5g62010 (3¢ region of ARF2). All the probes

upstream of the insertions are part of the At5g62000 probe

set whereas all probes downstream of the insertions are

part of the At5g62010 probe set (Figure 1a). Therefore, the

relative intensity of the At5g62000 probe set will represent

the ARF2 expression level upstream of the arf2-6 insertion

and the relative intensity of the At5g62010 probe set will

reflect the ARF2 expression level downstream of the arf2-6

insertion. The results shown in Figure 1(c) indicate that

ARF2 expression in wild-type seedlings, which is repre-

sented by the relative intensities of both At5g62000 (con-

trol: 232.2 � 121.5; IAA-treated: 368.2 � 7.1) and At5g62010

(control: 272.2 � 66.2; IAA-treated: 394.3 � 53.3), is very

similar and slightly induced by IAA treatment. In the arf2-6

mutant, the relative intensity of At5g62010, which reflects

the expression level of the 3¢ ARF2 mRNA, is the same as

the background level of intensity (control: 50.0 � 0; IAA-

treated: 50.0 � 0). This is in agreement with the RT-PCR

analysis shown in Figure 1(b). In contrast, enhanced

expression of the 5¢ ARF2 mRNA is detected in the arf2-6

mutant compared with the wild type (control:

1205.4 � 245.6; IAA-treated: 1649.5 � 35.6). These results

indicate that the truncated ARF2 mRNA is highly expressed

in the arf2-6 mutant. These results were also confirmed by

RNA hybridization analysis (Figure 1d). The increased level

of the arf2-6 truncated transcript is attributed to an

enhancement of RNA stability. The arf2-6 allele has been

preferentially used for detailed phenotypic analysis (des-

cribed below) because it has the most upstream T-DNA

insertion among the three insertions. The arf2-8 allele is the

most recently identified among the three alleles, and has

been less characterized than the other alleles. However,

all three arf2 T-DNA insertion mutants display the same

(a)

(b) (c) (d)

Figure 1. ARF2 T-DNA insertion mutants.

(a) Structure of the ARF2 gene and locations of the T-DNA insertions. Boxes and lines represent exons and introns, respectively. The locations of ATG and TAA

codons are indicated. White boxes represent the 5¢ and 3¢-UTRs and gray boxes represent coding regions respectively. The conserved B3-like DNA binding domain,

domains III and IV among the various ARFs, are also shown. The T-DNA insertions in the three different mutant alleles are marked by open triangles and the

corresponding allele is shown above the triangle. Arrows indicate positions of primers used for RT-PCR analysis. The positions of 11 oligonucleotide probes on the

Affymetrix ATH1 GeneChip are indicated by small closed (corresponding to the annotated gene At5g62000) and open (corresponding to the previously annotated

gene At5g62010; it was recently re-annotated being part of At5g62000) circles.

(b) Detection ofARF2 transcripts by RT-PCR in arf2-6, arf2-7mutant seedlings and their segregated parental wild type (WT). PCR primers spanning introns were used

to distinguish between amplification of cDNA and genomic DNA (lane G). The expression of ACT8 gene was used as a control.

(c) Expression profiles of the 5¢-region of (left, At5g62000) and 3¢-region (right, At5g62010) of the ARF2 gene derived from Affymetrix ATH1 GeneChip data. The data

represent the average relative intensity expression levels of control (open bar) or auxin-treated samples (gray bar) from triplicate experiments.

(d) RNA hybridization analysis of ARF2 expression inWT and arf2-6mutant seedlings. Each lane contains 20 lg total RNA. Ethidium bromide staining of the agarose

gel is shown as a loading control (lower panel; see Experimental procedures for experimental details).
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major phenotypic aberrations (Figure 5 below provides a

phenotypic and molecular comparison of all arf2 alleles

together with the Pro35S:ARF2 and RNAi lines).

Expression patterns of ARF2

The arf2 T-DNA insertion mutants have several morpholo-

gical defects during the course of Arabidopsis development

(see below). This suggests that ARF2 expression may be

ubiquitous throughout development. Previous studies by

Ulmasov et al. (1999a) have shown that ARF2 is expressed in

all major plant organs including roots, rosette and caulin

leaves, flowers and siliques. These expression characteris-

tics were also confirmed by us using RT-PCR analysis (data

not shown). We also generated transgenic plants expressing

ProARF2:GUS in order to monitor ARF2 expression during

development. GUS activity was detected in the peripheral

zone of cotyledons and in the bottom region of the hypocotyl

and in the root vasculature in 3-day-old, light-grown trans-

genic seedlings (Figure 2a). However, little or no GUS

expression was detected in cotyledons of etiolated seed-

lings. Strong staining was detected in hypocotyls, especially

in the shoot apex region of etiolated seedlings. Expression

of ProARF2:GUS was detected in the vascular tissue and the

initiation sites of lateral roots (Figure 2a, insert). High

expression levels of ProARF2:GUS were detected in the

sepals and stamen as well as in the apices and bases of

pistils (Figure 2b–g). ProARF2:GUS was also expressed in

developing siliques and seeds (Figure 2h).

Pleiotropic morphological phenotypes in arf2 mutants

Young arf2-6 seedlings (4–5 days old) are phenotypically

almost indistinguishable compared with the wild-type

seedlings grown under normal growth chamber conditions

(16 h white light/8 h dark cycle). Etiolated arf2-6 and arf2-7

seedlings exhibit the normal tropic responses of the wild-

type seedlings (data not shown). Their phenotype remains

the same until the late vegetative phase except for small

differences noticed in cotyledon and hypocotyl size. arf2-6

plants have slightly enlarged cotyledons and elongated

hypocotyls compared with the wild type (data not shown).

These phenotypes are affected by light conditions (see

below). The morphological phenotype of arf2 mutants

becomes obvious after they enter the state of reproductive

development. Homozygous plants of the arf2-6, arf2-7 and

arf2-8 have flowers with altered morphology (Figure 3a–e),

large and dark green rosette leaves (Figure 3f), and long and

thick inflorescence stems compared with those of wild-type

plants (Figure 3h). In order to establish that the phenotypes

of arf2 mutants were caused by the T-DNA insertions in the

ARF2 gene locus, we examined the linkage between mutant

phenotype and T-DNA insertion. Homozygous mutant

plants arf2-6/arf2-6 or arf2-7/arf2-7were backcrossed to wild-

type Col and the phenotypes of the F2 progeny were

analyzed. Among the F2 plants [n ¼ 67 (arf2-6) and n ¼ 63

(arf2-7)], only homozygous plants for the insertion (arf2-6/

arf2-6 or arf2-7/arf2-7) have the abnormal flower phenotype.

Figure 2. Expression of ARF2 promoter-GUS fusion in transgenic plants.

(a) GUS staining patterns in etiolated (left) and light-grown (right) ProARF2:-

GUS transgenic seedlings (3-day old). Enlarged root vascular region display-

ing lateral root primodium with GUS staining is shown in the inset.

(b) GUS activity in the flower bud of the ProARF2: GUS plant. The sample was

pushed and squashed out to show each floral organ. Arrowheads indicate

carpel (C), stamen (St), sepal (Se) and petal (P).

(c) GUS staining patterns in the flower of ProARF2:GUS plant just after

anthesis.

(d) GUS staining patterns in the flower of ProARF2:GUS plant at a stage slightly

later than that shown in (c).

(e) ProARF2:GUS expression in pistil.

(f) ProARF2:GUS expression in stamen.

(g) ProARF2:GUS expression in sepal.

(h) ProARF2:GUS expression in developing siliques and seeds of T2 plants.
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Wild type or heterozygous plants have flowers with normal

morphology, suggesting that the abnormal flower pheno-

type co-segregates with the corresponding insertion in the

ARF2 gene and that the phenotype is recessive. The flower

phenotype is most severe in early-formed flowers, and all of

them are sterile (Figure 3a). The predominant morphologi-

cal defect of the arf2 mutant flowers is observed in the

gynoecium and sepals. The flowers of arf2 mutants have

significantly elongated gynoecia and sepals, compared with

the wild type (Figure 3b,c). The first formed flower buds of

Figure 3. Morphological phenotypes of the ARF2 T-DNA insertion mutants.

(a) Young primary inflorescence stems of wild type (WT), arf2-6 and arf2-7 plants. All early produced flowers of arf2-6 and arf2-7mutants are sterile and siliques do

not develop. Early produced flowers of arf2-6 (unopened) are shown in the inset.

(b–e) Flower phenotype of WT (left) and arf2-6 (right). (c) Petals and sepals were removed to show stamens and pistils of the same flowers shown in (b). Flowers

shown in (d) were produced later than those shown in (b) and (c). Flowers shown in (e) were produced later than those shown in (d). Flower phenotype of arf2

mutants became less severe as the plants grew older.

(f) Rosette leaves of 6-week-old WT, arf2-6, arf2-7 and arf2-8 plants. Leaf size in mm2 (n ¼ 4): WT, 174; arf2-6, 387; arf2-7, 361; arf2-8, 344.

(g) Eight-week-old WT, arf2-6, arf2-7 and arf2-8 plants. Each pot contains four plants.

(h) Diameter (top) and length (bottom) of primary inflorescence stems of 9-week-old WT, heterozygote and homozygote arf2-6 and arf2-7 plants. Genotypes of

approximately 70 individual F2 plants resulting from a backcross of arf2-6/arf2-6 and arf2-7/arf2-7 plants with WT were determined and the average length and

diameter of primary inflorescence of each genotype were then calculated. Bars represent SE of the average.

(i) Seeds of WT, arf2-6, arf2-7 and arf2-8. Bar ¼ 1 mm.

ARF transcription factors 33
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arf2 mutants are tightly closed by the elongated sepals, and

they never open (Figure 3a, insert). Late formed flowers can

open, but still have significantly elongated sepals

(Figure 3b). Furthermore, the gynoecium elongates earlier

relatively to the rest of the developing flower, often protru-

ding out of the sepals and petals (Figure 3b). As the length of

stamen filaments is shorter than that of pistils in the erf2

mutant flowers (Figure 3c,d), the anthers fail to touch the

stigma. This probably causes infertility of the early produced

flowers. The flower phenotypes of arf2mutants become less

severe as the plants grow (Figure 4a,b); late-formed flowers

are fertile and produce abundant amount of seeds (Fig-

ure 4a,b). These flower phenotypes are observed in all three

arf2 T-DNA insertion alleles (see Figure 5).

Figure 4. Delayed senescence phenotype of the ARF2 mutants.

(a) Eleven-week-old wild type (WT), arf2-6 and arf2-7 plants.

(b) Inflorescence of WT, arf2-6 and arf2-7 plants. Arrowheads indicate developing siliques with unwithering and fresh floral organs in arf2-6 and arf2-7 mutants.

Close up view of a long developing silique with fresh floral organ in the arf2-6 mutant is shown in the inset.

(c) Expression of theACS genes during flower and silique development in wild-type plants. The seven stages of tissue sampling for RNA extraction are shown on top

(see Experimental procedures). RT-PCR was performed with cDNA, derived from the corresponding stages indicated above. G indicates genomic DNA as a control.

Approximately equal amounts of ACT8 PCR product were amplified from all samples.

(d) RT-PCR analysis of ACS2, ACS6 and ACS8 genes in flowers (just after anthesis) of WT and arf2-6 mutant.

34 Yoko Okushima et al.

ª Blackwell Publishing Ltd, The Plant Journal, (2005), 43, 29–46



In addition to the flower phenotype, arf2mutant plants are

larger in size than the wild-type plants (Figure 3g). We

noticed some variability in the rate of growth among the

three alleles which is independent of the allele type. The final

height of all alleles is approximately the same. Moreover, all

three arf2 alleles have enlarged rosette leaves (Figure 3f)

and long inflorescence stems (Figure 3g,h). The average

length of the primary inflorescence stems of homozygous

arf2-6 (arf2-6/arf2-6) and arf2-7 (arf2-7/arf2-7) mutant plants

is significantly longer than that observed in wild-type plants

(Figure 3h). Likewise, the average diameter of the primary

inflorescence stems of homozygous arf2-6 (arf2-6/arf2-6)

and arf2-7 (arf2-7/arf2-7) mutant plants is also significantly

greater than that observed in wild-type plants (Figure 3h).

However, heterozygote arf2-6 (arf2-6/þ) and arf2-7 (arf2-7/þ)

mutant plants have intermediate length and thickness of

inflorescence stems between those of wild type (þ/þ) and

homozygous arf2 (arf 2-6/arf 2-6 and arf 2-7/arf 2-7) mutant

plants (Figure 3h). These results suggest that arf2 T-DNA

insertion alleles are recessive with respect to flower mor-

phology, and semidominant with respect to the length and

thickness of inflorescence stems. The seeds of homozygous

arf2 mutants are larger than wild-type seeds (Figure 3i).

Delayed senescence and abscission in arf2 mutants

The growth of wild-type plants stops approximately 7 weeks

after germination, and the plants are completely aged by day

75 from germination (Figure 4a). However, arf2-6 and arf2-7

mutant plants of similar age still have green rosette leaves

and stems (Figure 4a). In addition, the floral organs of arf2

mutants show delayed senescence and abscission. The early

produced flowers of arf2 mutants are infertile, but the ratio

of fertile/infertile flowers increases as the plants grow

(Figure 4a,b). In wild-type plants, floral organs are shed

shortly after anthesis (Figure 4b,c), whereas, fresh floral or-

gans are attached to the relatively longer developing siliques

in arf2 mutants (Figure 4b), suggesting delayed floral

abscission as well as delayed senescence.

The increased resistance of the arf2 mutants to senes-

cence suggested that components of ethylene biosynthesis

or perception may be defective. We determined the expres-

sion of the ACS gene family members (Yamagami et al.,

2003) in mutant flowers. First we performed semiquantita-

tive RT-PCR analysis using cDNAs synthesized from total

RNA isolated from developing flower and silique samples

collected from seven stages, based on their morphological

appearance (Figure 4c) (Okushima et al., 2005). Primers

spanning predicted introns were used to distinguish

between amplification of genomic DNA contamination and

amplification of cDNA. The data show that ARF2 is consti-

tutively expressed throughout flower and silique develop-

ment (Figure 4c). Among the eight functional ACS gene

family genes tested (Yamagami et al., 2003),ACS2 andACS8

Figure 5. Phenotypic comparison of the arf2 mutants, ARF2 overexpressor

and ARF2-RNAi.

(a) Thirty-five-day-old plants.

(b) Sixty-three-day-old plants.

(c) Infloresence of 56-day-old plants.

(d) Flowers.

(e) Expression of the ARF2 protein determined by Western analysis. The sizes

of the truncated polypeptides are: ARF2, 96; arf2-6, 55; arf2-7, 86; arf2-8,

75 kDa (see Experimental procedures for technical details).

(f) Portion of the protein-stained gel used for Western analysis. The various

mutants and transgenic lines shown on each panel are indicated at the bottom

of the figure.
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show similar expression profiles during flower and silique

development and their expression is almost nil in unopened

flower buds (stage 1), but strongly induced after anthesis

(stage 2). ACS6 is expressed in flowers and in all the silique

developmental stages, but its expression level is dramatic-

ally increased by stage 6. The expression of ACS7 appears to

be dramatically induced after seed maturation (stage 7).

ACS11 shows an expression profile similar to that of ACS7,

and may be involved in silique senescence. According to the

expression analysis, it is possible thatACS2,ACS6 andACS8

are involved in floral organ senescence and abscission. RT-

PCR analysis with RNA from stage 3 flowers (Figure 4c)

showed that transcription of ACS2, ACS6 and ACS8 is

inhibited in flowers by the arf2-6 mutation (Figure 4d).

ARF2 overexpression and RNAi-based suppression

To investigate further the function of ARF2 during plant

growth and development, we generated transgenic lines

overexpressing the full-length ARF2 ORF (P35S:ARF2) and

having the endogenous ARF2 transcript suppressed by RNAi

(Wesley et al., 2001). All T1 plants (n ¼ 48) transformed with

P35S:ARF2 showed phenotypes similar to arf2 T-DNA inser-

tion mutants in the adult stage. Several lines with single

insertion were selected in the T2 generation and one T3

homozygous line was used for further analysis. Figure 5

compares the phenotypes of young and mature plants and

their flower morphology among the three arf2 alleles,

P35S:ARF2 and ARF2-RNAi lines. All mutant and transgenic

lines have similar phenotypic characteristics described

above, that is, large and dark green rosette leaves, delayed

flowering, thick and long inflorescence, abnormal flower

morphology and sterility in early generated flowers and

delayed senescence and abscission (Figure 5a–d and data

not shown). Western analysis with an ARF2-specific anti-

body indicates that the arf2-6 mutant accumulates consid-

erable amounts of the truncated polypeptide, in agreement

with the enhanced level of the corresponding transcript

(Figure 1b–d). The arf2-7 allele accumulates small amounts

of the corresponding truncated polypeptide, whereas arf2-8

is a null (Figure 5e). The P35S:ARF2 and RNAi transgenic

lines do not express any ARF2 protein. They are nulls (Fig-

ure 5e). It appears that ARF2 overexpression results in co-

suppression of the ARF2 transcript.

Growth response of arf2 mutants under Rc and FRc light

Under greenhouse growth conditions (long day; 16 h light/

8 h dark), the flowering of arf2-6 and arf2-7 is delayed by

approximately 1 week compared with the wild type, and the

mutants have more rosette leaves (Figure 6a). During our

search for phenotypic abnormalities, we observed that some

of the phenotypes (e.g., delayed flowering in long-day con-

ditions, large plant size and slightly dark green leaves) have

also been seen in the gigantea (gi)-100 mutant (Huq et al.,

2000) grown in the greenhouse room (data not shown).

Although the delayed flowering phenotype is more pro-

nounced in gi-100 than in arf2 (Fowler et al., 1999; Huq et al.,

2000; Koornneef et al., 1995), the other phenotypes of arf2,

such as defects in flower morphology, delayed abscission,

are not seen in gi-100 (data not shown). The partial pheno-

typic similarity between gi-100 and arf2 prompted us to

examine the behavior of arf2 mutants under various light

conditions. We also observed that the hypocotyls of arf2

mutant seedlings were slightly longer than the wild type

under weak white light conditions. The arf2 mutants also

showed a lower germination ratio when they were kept in

the dark without white light treatment following 3 days of

cold treatment (4�C) in the dark (the seeds were plated on

agar plates in a regular sterile hood under ordinary fluor-

escent light). Under these experimental conditions,

approximately 50% of the arf2-6 and arf2-7 seeds did not

germinate, whereas, almost all the wild-type seeds germi-

nated normally (data not shown). However, when these

plates were left on the bench top, all non-germinated seeds

began to germinate the next day. In addition, when we

treated the plates with white light for 3 h before transferring

to the dark, all arf2-6 seeds germinated. These observations

suggest that the light signaling pathway(s) are impaired in

the arf2 mutants, reinforced by observations by others that

many light-related mutants also show altered flowering

times (Hayama and Coupland, 2004; Valverde et al., 2004).

Figure 6. Light-related phenotypes of arf2 mutants.

(a) arf2mutants show delayed flowering time. Flowering time of the wild type (WT) and two arf2 insertionmutant lines, arf2-6 and arf2-7, are shown. Days of bolting

(open bar) and rosette leaf number (black bar) were determined when the plants bolted under long-day (18 h light/ 6 h dark) condition at 21�C. The data are

expressed as average of more than 12 plants per each line. Bars represent SE of the average.

(b) Phenotype of WT, arf2-6, phyA-211 and phyB-9 mutant seedlings grown for 4 days under various light conditions: continuous white (Wc), red (Rc;

15.28 lmol m)2 sec)1), far red (FRc; 11.98 lmol m)2 sec)1) light and darkness.

(c) Left: Rc fluence rate–responses curve for hypocotyl length in WT, arf2-6, phyA-211 and phyB-9 seedlings. Hypocotyl length is expressed as the average of more

than 25 seedlings. Bars represent SE of the average. Middle: cotyledon area of WT, arf2-6, phyA-211 and phyB-9 seedlings grown under Rc (15.28 lmol m)2 sec)1)

for 4 days. Right: the original seedling sample plate for this experiment at 15.28 lmol m)2 sec)1 Rc (as red arrow in fluence rate–response curve graph). arf2-6

mutant seedlings showed significantly elongated hypocotyls compared with WT.

(d) Left: FRc fluence rate–response curve for hypocotyl length in WT, arf2-6, phyA-211 and phyB-9 seedlings. Hypocotyl length is expressed as the average of more

than 25 seedlings. Bars represent SE of the average. Middle: cotyledon area of WT, arf2-6, phyA-211 and phyB-9 seedlings grown under FRc for 4 days. Right: the

original seedling sample plate for this experiment at 0.81 lmol m)2 sec)1 FRc (shown as red arrow in fluence rate–response curve graph). arf2-6 mutant seedlings

showed significantly elongated hypocotyls similar to the phyA-211 mutant.
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We subsequently investigated the light sensitivity of arf2

mutants under continuous red (Rc) or far-red (FRc) light

conditions by determining their hypocotyl length, with

phyA-211 and phyB-9 mutants as controls. Fluence rate–

response curve analyses showed that arf2-6 displayed more

elongated hypocotyls compared with wild-type seedlings at

almost all of the fluence rates of Rc and FRc used (Figure 6c).

When grown under high Rc, arf2-6 hypocotyls showed

significant elongation compared with the wild-type control

(Figure 6c), suggesting the arf2-6 mutation strongly confers
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hyposensitivity under Rc conditions compared with FRc.

However, arf2-6 seedlings also displayed slightly longer

hypocotyls compared with wild-type seedlings even when

grown under dark conditions (Figure 6c,d). Roots of arf2-6

mutant seedlings are also more elongated compared with

the wild type, under all light conditions (Figure 6b; data not

shown).

Unlike other typical light sensing-defective mutants, such

as phyA-211 and phyB-9, arf2-6 mutant seedlings have

significantly enlarged cotyledons under both Rc and FRc

conditions despite more elongated hypocotyls (Figure 6c,d).

Furthermore, arf2-6 seedlings have increased levels of

anthocyanin content when grown in FRc (data not shown).

In addition, hypocotyls of arf2-6 seedlings are thicker than

wild type whereas phyA-211 (grown under FRc) and phyB-9

(grown under Rc) have thin hypocotyls like etiolated seed-

lings (Figure 6c,d; data not shown). Similar seedling pheno-

types under various light conditions were also observed in

arf2-7 and arf2-8 (Figure 8; data not shown). P35S:ARF2

plants showed long and thick hypocotyl and large cotyledon

phenotypes under Rc and FRc in their seedling stage

(Figure 7a,b). The behavior of the cosuppressed line was

similar to that of the arf2-6mutant under various Rc and FRc

conditions (compare Figure 7c,d with Figure 6c,d). These

observations suggest that ARF2 may participate in growth

regulation of hypocotyl and cotyledon development in both

light- and dark-grown seedlings rather than directly regulate

light signaling pathway(s). Figure 8 shows the morphologi-

cal comparison of seedling phenotypes of the arf2 mutants

and the P35S:ARF2 transgenic line with those of wild type. As

described above, all arf2 T-DNA insertion mutants (arf2-6,

arf2-7 and arf2-8) exhibited longer hypocotyls and roots and

enlarged cotyledons under both FRc and Rc conditions. In

addition, the arf2 T-DNA mutants and P35S:ARF2 seedlings

showed longer hypocotyls and enlarged cotyledons in the

dark as well (Figure 8). Especially, P35S:ARF2 seedlings

displayed significantly more elongated hypocotyls than the

other genotypes.

Figure 7. Light-related phenotype of Pro35s:

ARF2 transgenic seedlings. Top left: phenotype

of wild type (WT), Pro35s:ARF2 and phyB-9

seedlings grown for 4 days under Rc

(27 lmol m)2 sec)1). Cotyledon area of different

genotypes shown above is also represented.

Top right: phenotype of WT, Pro35s:ARF2 and

phyA-211 seedlings grown for 4 days under FRc

(10.53 lmol m)2 sec)1). Cotyledon area of differ-

ent genotypes shown above is also represented.

Bottom: Rc and FRc fluence rate–response curves

for hypocotyl length in WT, Pro35s:ARF2 and

phyB-9/or phyA-211 seedlings. Hypocotyl length

and cotyledon area are expressed as the average

of more than 25 seedlings. Bars represent SE of

the average.
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Microarray analysis

In order to determine the effects of the arf2-6 mutation on

global auxin-regulated gene expression, we conducted

hybridization experiments with Affymetrix microarrays (Af-

fymetrix ATH1 GeneChip) using RNA from control and IAA

(5 lM) -treated wild type and arf2-6 7-day old, light-grown

seedlings. Triplicate samples from each treatment were

analyzed as previously described (Okushima et al., 2005)

and the data demonstrated that the mutation did not affect

auxin-regulated gene expression (Figure 9).

Discussion

ARF2 and plant growth

Plant growth is regulated by coordinated cell division and

expansion (Collett et al., 2000). The arf2 mutants exhibit

pleiotropic effects, including larger plant size and abnormal

flower morphology. Similarly, ProARF2:GUS is abundantly

expressed in the site of altered morphology in arf2 mutants.

However, in etiolated seedlings, there is a discrepancy be-

tween the expression patterns of ProARF2:GUS observed in

this study and ProARF2:GUS:ARF2, reported by Li et al.

(2004). ProARF2:GUS:ARF2 is expressed in the cotyledon, but

is not expressed in the hypocotyls; whereas ProARF2:GUS is

strongly expressed in the apical portion of the hypocotyls

and is not expressed in cotyledons. This difference may be

due to post-transcriptional regulation of the ProARF2:GU-

S:ARF2 transcript.

The arf2 mutants have a long hypocotyl phenotype under

a wide range of Rc and FRc fluence conditions. They also

have elongated hypocotyls in the dark and under continuous

blue light (data not shown). As auxin has a central role in

hypocotyl elongation, it may be suggested that the elonga-

ted hypocotyl phenotype of the arf2 mutants is caused by

increased auxin content or an alteration in auxin sensing.

Many of themutants with altered auxin sensitivity or content

exhibit phenotypes associated with their hypocotyl length

supporting this hypothesis. For example, several Aux/IAA

gain-of-functionmutants such as axr2/iaa7, axr3/iaa17, shy2/

iaa3 and axr1 have short hypocotyls (Collett et al., 2000;

Jensen et al., 1998; Leyser et al., 1993; Reed, 2001; Rouse

et al., 1998). Plants with decreased free IAA content such as

35S-iaaL (Jensen et al., 1998) and cyp79B2 cyp79B3 (Zhao

et al., 2002) have shorter hypocotyls compared with the wild

type under light conditions. However, increased free auxin

content has opposite effects on hypocotyl elongation.

Mutations in the SUR1/RTY/ALF1 and SUR2/CYP83B1/RED1

loci and overexpression of YUCCA and CYP79B2 genes

result in elongated hypocotyl phenotypes (Barlier et al.,

2000; Delarue et al., 1998; Hoecker et al., 2004; Zhao et al.,

2001, 2002). Finally, 19S-iaaM transgenic lines which over-

express the bacterial Trp monooxygenase, have enhanced

free auxin levels and their hypocotyls are longer than the

wild type (Romano et al., 1995).

A long hypocotyl phenotype was recently reported to be

associated with the arf8-1 mutant (Tian et al., 2004). Mutant

seedlings have a long hypocotyl phenotype in white, blue,

and red or far-red light conditions. Their hypocotyl length is

normal in the dark (Tian et al., 2004). Overexpression of

ARF8 (ARF8 OX) results in a short hypocotyl phenotype and

Figure 8. Growth of arf2 mutants in the dark.

(a) Morphological comparison of the arf2 T-DNA insertion mutants and the

Pro35s:ARF2 seedlings. Wild type (WT), phyA-211, phyB-9, arf2-6, arf2-7, arf2-8

and Pro35s:ARF2 seedlings were grown for 4 days under dark (dark),

10 lmol m)2 sec)1 FRc (FRc 10), 10 lmol m)2 sec)1 Rc (Rc 10) or

0.5 lmol m)2 sec)1 Rc (Rc 0.5).

(b) Quantitative analysis of the results shown in (a). Forty seedlings were used

per measurement.
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the free IAA content was reduced. Lateral root formation was

also correlated with free auxin levels. The authors attributed

the hypocotyl phenotypes to be the result of alteration in

auxin homeostasis brought about by changes in gene

expression of GH3 gene family members (Staswick et al.,

2002, 2005; Tian et al., 2004).

Although arf2 mutants show long hypocotyl phenotype

under various light conditions, the phenotype of arf2 differs

from that of plants with altered auxin level (discussed above)

or defective in phytochrome and cryptochrome signaling.

The most striking difference between arf2 and other long

hypocotyl mutants is their cotyledon phenotype. Both under

light and dark conditions, arf2 seedlings have cotyledons

that are larger than other mutants or transgenic plants

mentioned above. Mutants with increased free auxin con-

tent [overexpressors of YUCCA and CYP79B2 (Zhao et al.,

2001, 2002), sur1/alf1 (Boerjan et al., 1995), sur2/cyp83B1/

red1 (Hoecker et al., 2004)], and mutants defective in phyt-

ochrome or cryptochrome signaling have small cotyledons

(Cashmore et al., 1999; Quail, 2002). In addition, unlike arf8-1,

the arf2 mutants do not show any phenotypes in common

with the auxin perception-defective mutants. Root growth of

arf2 seedlings is inhibited by exogenous IAA application

(Figure 9b), and they have the same numbers of lateral roots

as the wild type (data not shown). In addition, both arf2-6

and arf2-7mutant seedlings exhibit normal tropic responses

(data not shown). A striking phenotypic difference between

arf2 and other long hypocotyl mutants, in addition to

cotyledon size, is the radial swelling of hypocotyl and

inflorescence stems, reminiscent of one of the ‘triple

response’ characteristics (Guzman and Ecker, 1990).

Global gene expression profiling of liquid-cultured arf2-6

seedlings is almost the same as that of the wild-type

seedling treated with or without 5 lM IAA for 2 h. The arf2

mutation did not affect the auxin-induced or -repressed

genes, including Aux/IAAs and GH3 gene family members

(data not shown). Furthermore, these data suggest that the

arf2 mutation does not affect auxin signaling or the endog-

enous free auxin content. More importantly, the data

suggest that ARF2 does not participate in the auxin response

pathway in 7-day-old, light-grown Arabidopsis seedlings.

ARF2 and senescence

The adult phenotypes of arf2 and ethylene-insensitive mu-

tants share several similarities. Delayed floral organ

abscission is observed in several ethylene responsemutants

such as ethylene insensitive2 (ein2), ein3 and ethylene-

resistant1 (etr1) (Bleecker and Patterson, 1997; Butenko

et al., 2003; Chao et al., 1997; Patterson, 2001). The ein2 and

the etr1 mutant also have larger rosette leaf size, slightly

delayed flowering time compared with the wild type, and

delayed leaf senescence (Guzman and Ecker, 1990; Mizuka-

mi, 2001; Oh et al., 1997). These similarities between ethy-

lene-insensitive and arf2 mutants suggest that components

of ethylene biosynthesis or perception may be defective in

the arf2 mutants. Furthermore, it is well established that

pollination causes a rapid increase in ethylene production,

first in the gynoecium and subsequently in the petals

(Davies, 1995; Tang and Woodson, 1996; Tang et al., 1994).

Members of the ACS and ACO gene families are induced

rapidly after pollination in carnation and tomato flowers

(a)

(b)

Figure 9. Global gene expression profiling and effect of auxin on root

growth.

(a) MA plots (Dudiot et al., 2002) showing changes of auxin-regulated gene

expression levels in the wild type (WT) and arf2-6. Each plot represents the log

ratio of the average of the auxin-treated samples (I) to the control samples (C)

[M 1/4 log 2(I/C)] versus overall average intensity [A 1/4 log 2p(I · C)]. The

genes induced by auxin treatment (M > 1) are highlighted in red, and the

genes repressed by auxin treatment (M < 1) are highlighted in green. The data

were further analyzed for variance to extract statistically valid auxin-regulated

genes (see Okushima et al., 2005).

(b) Inhibition of root growth by exogenous auxin. Each value represents the

average of more than 10 seedlings. Bars represent SE of the average.
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(Jones and Woodson, 1997; Llop-Tous et al., 2000). We also

observed accumulation of ACS2 and ACS8 transcripts after

anthesis, suggesting that these genes may be involved in

flower senescence (Figure 4c). Several ACSs including

ACS2, ACS6 and ACS8 are expressed in various flower

organs (Tsuchisaka and Theologis, 2004). The expression of

ACS2, ACS6 andACS8 is impaired in the arf2-6mutant at the

time of flowering (Figure 4d). We could not reliably deter-

mine ethylene production in wild type and arf2 mutant

flowers; however, we attribute the enhanced flower resist-

ance to senescence to be due to the inhibition of ACS

activity. The ACS6 and ACS8 genes are auxin-inducible

(Tsuchisaka and Theologis, 2004; Yamagami et al., 2003)

and their approximately 2 kb promoter regions contain four

and six AuxREs, respectively. We do not know whether the

expression of these ACS gene family members is regulated

by auxin via the ARF2-Aux/IAA signaling system (Dharmasiri

and Estelle, 2004). The possibility exists that they are regu-

lated by ARF2 via a non-IAA signaling apparatus.

Etiolated arf2 mutant seedlings do not show any defect in

apical hook formation (Li et al., 2004; data not shown).

However, arf1 arf2 double mutant seedlings show exagger-

ated apical hook formation (Li et al., 2004). ARF1 is a close

relative of ARF2, and arf1 single mutants fail to show any

obvious phenotypes (Li et al., 2004; Okushima et al., 2005),

suggesting that ARF2 negatively regulates hook formation

redundantly withARF1. Li et al. (2004) were the first to report

the central role ofARF2 in ethylene- and light-mediated plant

growth. They discovered that extragenic suppressors of the

hookless phenotype (hls1; Lehman et al., 1996) reside in the

ARF2 locus. ARF2 acts downstream of HLS1 and negatively

regulates hook formation. ARF2 protein stability is regulated

in an HLS1-dependent manner by the ethylene and the light

signaling systems. HLS1 appears to function as a central

integrator of ethylene, auxin and light signaling pathways in

differential hypocotyl cell elongation (Li et al., 2004) with

ARF2 as a major participant.

ARF2 phenotypes and gene dosage

The inflorescence phenotype of the arf2 mutants is semi-

dominant. Semi-dominant phenotypes of ARF loss-of-func-

tionmutants have also been reported for the arf7/nph4-1 and

arf8-1 mutants. The arf7/nph4-1 allele is considered a null,

but it is semi-dominant with respect to phototropism

(Stowe-Evans et al., 1998). ARF8/arf8-1 heterozygote seed-

lings show slightly longer hypocotyls than wild type (Tian

et al., 2004). Also, the arf7/arf7, ARF19/arf19 and ARF7/arf7

arf19/arf19 seedlings display significantly decreased num-

bers of lateral roots compared with the arf7 or arf19 single

mutants (Y. Okushima, unpublished data). In addition, sev-

eral of the phenotypes exhibited by the arf2 alleles behave in

both a recessive (flower morphology) and semi-dominant

(inflorescence length and thickness) manner. These data

suggest a regulatory role for the ARF2 protein level in var-

ious cells and tissues in exerting its molecular and devel-

opmental function(s).

Role of ARF2 in auxin signaling

Mutations in other ARF gene family members such as arf3/

ettin, arf5/mp and arf7/nph4 also exhibit visible and obvious

phenotypes during plant growth and development and their

developmental defects appear to be associated with altered

auxin response or auxin distribution (Hardtke and Berleth,

1998; Harper et al., 2000; Sessions et al., 1997). In contrast,

the phenotypes of arf2 mutants do not appear to be caused

by direct effect on auxin signaling (see above). ARF2 is

thought to function as a transcriptional repressor by binding

to synthetic auxin response elements (Tiwari et al., 2003;

Ulmasov et al., 1999a). The prospect arises that its pleio-

tropic effectsmay bemediated by negativelymodulating the

transcription of developmental genes that are involved in

cell proliferation and organ growth. Global gene expression

analysis (microarray analysis) and root auxin sensitivity

assays failed to detect significantly altered auxin responses

in the arf2mutants. Furthermore,DR5: GUS gene expression

in arf2-3 is similar to that observed in the wild type, but the

arf2-3 mutation partially restores DR5: GUS expression

within the cells located on the concave side of the hook in the

arf2-3 hls1-1 double mutant in the presence of ethylene,

suggesting that ARF2 functions as a negative regulator of

differential auxin response (Li et al., 2004).

ARF2 was originally identified as an ARF1 binding protein,

forming heterodimers with ARF1 in a yeast two-hybrid

system (Ulmasov et al., 1997a). The role of ARF2 protein in

auxin signaling is still largely unknown. ARF2may titrate the

activity of other ARF transcriptional activators by hetero-

dimerization. However, both ARF5 and ARF7 transcriptional

activators fail to interact or interact only very weakly with

ARF transcriptional repressors including ARF1 and ARF2

(Hardtke et al., 2004). Furthermore, ARF1 and ARF2 do not

interact with IAA17 in carrot cells, raising the prospect that

the ARF transcriptional repressorsmay not be targeted by all

the Aux/IAA proteins (Tiwari et al., 2003). Considering the

strong binding activity of ARF2 to synthetic auxin response

elements (Ulmasov et al., 1999a), ARF2 may mask AuxREs,

thereby preventing the binding of other ARFs, especially

ARF transcriptional activators. Considering the ubiquity of

the AuxRE sequence (TGTCTC) throughout the Arabidopsis

genome, ARF2 may also bind to the promoter region of

genes not directly regulated by auxin or genes not directly

participating in auxin signaling. Alternatively, the ARF2

protein may titrate or regulate other unidentified factors by

protein–protein interaction. It is of great interest that the

N-terminal region (upstream to DBD) of ARF2 is unique

among all other ARF gene family members. This region has

a small sequence similar to the active phytochrome binding
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(APB) domain, which is found in the N-terminal region of the

bHLH members that can bind to the Pfr form of PHYB

(Khanna et al., 2004). Whether ARF2 interacts with the vari-

ous phytochromes via its APB-like domain in its N-terminus

is an important issue, worthy of further investigation. Global

genomic approaches have the potential to unmask the vast

heterodimerization potential among members of the ARF

and AUX/IAA gene families in vitro and in planta. The

molecular visualization and functional elucidation of this

potential is the ‘Rosetta stone’ of auxin action.

In conclusion, we have presented the partial morphologi-

cal and molecular characterization of three T-DNA insertion

mutants in the ARF2 locus of the Arabidopsis genome that

cause pleiotropic developmental defects. The phenotypes

described herein and by Li et al. (2004) suggest that the ARF2

transcription factor acts as a positive activator of flowering

senescence and abscission and as a repressor of cell growth

in the presence or absence of light, and differential hypoco-

tyl growth (hook formation). The findings presented herein

also raise the question whether all ARF gene family mem-

bers and their splice variants (Okushima et al., 2005) parti-

cipate in the AUX/IAA-ARF auxin signaling apparatus

throughout the plant life cycle (Dharmasiri and Estelle,

2004).

Experimental procedures

Materials

The pBI101 vector was purchased from Clontech (Palo Alto, CA,
USA). All chemicals used for this study were American Chemical
Society (ACS) reagent grade or molecular biology grade. Oligonu-
cleotideswerepurchased fromOperonTechnologies, Inc. (Alameda,
CA, USA), or synthesized in house with a Polyplex Oligonucleotide
Synthesizer (GeneMachines, Inc., San Carlos, CA, USA).

Molecular biology

Standard protocols were followed for DNAmanipulations described
in Sambrook et al. (1989). Standard protocols for DNA sequencing
were used to confirm the accuracy of the DNA constructs.

Plant growth conditions

Arabidopsis thaliana ecotype Columbia (Col) was used throughout
this study. The ARF2 T-DNA insertion mutant alleles, arf2-6, arf2-7
and arf2-8, were those isolated by Okushima et al. (2005). Seeds
were surface-sterilized for 8 min in 5% sodium hypochlor-
ite þ 0.15% Tween 20, excessively rinsed in distilled water and
plated on 0.8% agar plates (select agar; Life Technologies, Inc.,
Rockville, MD, USA) containing 0.5X Murashige-Skoog salts (Life
Technologies, Inc.) þ 0.5 mM MES, pH 5.7 þ 1% sucrose þ 1 X
vitamin B5. The plates were incubated in the dark at 4�C for 2 days
and were subsequently transferred to a 16 h light/8 h dark cycle at
22�C for 10 days. Subsequently, the seedlings were transplanted to
soil and were grown on 16 h light/8 h dark cycle at 22�C to obtain
mature plants. The auxin sensitivity assay (effect of auxin on root

growth) was performed as follows: 4-day-old, light-grown seedlings
were transferred to vertically oriented agar plates containing
appropriate concentrations of IAA. Root length was determined
after an additional 5 days of growth using the NIH Image 1.63 pro-
gram (http://rsb.info.nih.gov/nih-image/download.html). Flowering
time is expressed in number of days from germination to bolting.
Plants were considered to have bolted when the length of inflores-
cence grew approximately 1 cm. Average bolting times were cal-
culated from at least 12 plants of each line.

Red/far-red light experiments

Light experiments were performed as previously described (Huq
et al., 2000). Seed were sterilized and plated on 0.5X MS agar
medium without sucrose. The plates were kept in the dark at 4�C
for 4 days. After an initial 3 h of continuous white light treatment,
plates were transferred to the dark for 21 h at 21�C and then
transferred to Rc or Frc light conditions. They were kept there for
3 days at 21�C. The plates with control dark-grown seedlings were
kept in the dark. The light sources used in this study have been
described (Wagner et al., 1991). Fluence rate of the various lights
was measured by a spectroradiometer (model LI-1800; LiCor,
Lincoln, NE, USA). The hypocotyl length and cotyledon area of at
least 25 seedlings were measured using a digital camera and the
NIH Image 1.63 program. phyA-211 (Reed et al., 1994) and phyB-9
(Reed et al., 1993) null PhyA and PhyB mutants were used as
controls.

Construction of ARF2 promoter-GUS transgenic lines

A 2 kb ARF2 promoter fragment upstream of the translation initi-
ation codon was synthesized by PCR using wild type (Col) genomic
DNA with the following primers: F: 5¢-CGTCGACGGAATGGCCGA-
ATTACAG-3¢; R: 5¢-AAGGATCCATACCTTCCGAAGCTCAGATCTG-3¢.

The underlined sequences (non-native sequences) represent the
SalI and BamHI cloning restriction sites, respectively. The PCR
product was subcloned into pPCR-script Amp SK (þ) (Stratagene, La
Jolla, CA, USA) and its sequence was confirmed. The 2.0 kb SalI-
BamHI fragment was subcloned into the SalI-BamHI sites of the
pBI101.2 binary vector (Clontech) giving rise to ProARF2: GUS. The
construct was introduced into Agrobacterium tumefaciens strain
GV3101 (MP90) by electroporation, and wild type Col plants were
transformed using the floral dip method (Clough and Bent, 1998). T1

seeds were selected on medium containing 50 lg ml)1 kanamycin
and 100 lg ml)1 carbenicillin and resistant seedlings were trans-
ferred to soil. GUS expression was examined by incubating tissue
from T2 or T3 plants in 50 mM sodium phosphate buffer (pH 7.0)
containing 0.4 mg ml)1 5-bromo-4-chloro-3-indolyl-b-D-glucuronic
acid (X-Gluc), 1 mM potassium ferricyanide, 1 mM potassium ferro-
cyanide and 0.5 % Triton X-100 for 5 h at 37�C, followed by
incubation in 70% ethanol to remove chlorophyll (Jefferson et al.,
1987). Photographs were taken with a SPOT digital camera using a
dissecting microscope.

ARF2 overexpression and RNAi transgenic lines

Transgenic plants overexpressing the ARF2 mRNA (Pro35S: ARF2)
under the control of the 35S promoter was generated by subcloning
an error-free ARF2 ORF (Okushima et al., 2005) as a ClaI/XhoI frag-
ment into the binary vector pKF111. XL (Ni et al., 1998) and trans-
forming plants as described by Clough and Bent (1998). To silence
ARF2 gene expression by double-stranded RNAi, we used the

42 Yoko Okushima et al.

ª Blackwell Publishing Ltd, The Plant Journal, (2005), 43, 29–46



pHANNIBAL vector which can be used to generate intron-containing
hairpin loop RNA (ihpRNA) (Wesley et al., 2001). An ARF2 cDNA
fragment was ligated in the sense and antisense orientation into
pHANNIBAL (Wesley et al., 2001).

The cDNA fragments were amplified using two primer pairs.
Fragment A-Sense, was introduced as a XhoI-SacI fragment;
nucleotides 1201–2249 are underlined. F: 5¢-GCCTCGAGTCCTG-
TTCCAATGCCTAGG-3¢ and R: 5¢-AGGAGCTCTGAACGGCCAAGT-
GCAATTCC-3¢. Fragment B-Antisense, was introduced as a BamHI-
ClaI fragment; nucleotides 1206–2251 are underlined. F: 5¢-GCG-
GATCCTCCTGTTCCAATGCCTAGG-3¢ and F: 5¢-TGATCGATCCACT-
GAACGGCCAAG-3¢.

Fragment A was subcloned as XhoI-SacI (blunt) fragment into the
XhoI-kpnI (blunt) sites of pHANNIBAL. Fragment B was subcloned
as a BamHI/ClaI fragment into the BamHI-ClaI sites of pHANNIBAL.
The ARF2 ihpRNA construct was subcloned as NotI fragment into
the binary vector pART27 (Wesley et al., 2001) and plants were
transformed as described by Clough and Bent (1998). T1 transform-
ants were selected on plates containing 10 lg ml)1 ammonium
glufosinate and 100 lg ml)1 carbenicillin (Pro35S: ARF2) or
50 lg ml)1 kanamycin and 100 lg ml)1 carbenicillin (ARF2 RNAi),
and resistant seedlings were transferred to soil. Transgenic lines
with single insertion were selected by examining the ammonium
glufosinate (Pro35S: ARF2) or kanamycin (ARF2 RNAi) resistance
segregation ratio of T2 seedlings. Homozygous lines were identified
in T3 generation and T3 homozygous lines were used for phenotypic
analysis.

RT-PCR and RNA hybridization analyses

Expression of ARF2 mRNA in the arf2-6, -7, -8 insertion alleles,
Pro35S: ARF2 and RNAi lines was monitored by RT-PCR. Total RNA
was extracted from 7-day-old, light-grown seedlings using the
RNAqueous RNA isolation kit with Plant RNA isolation aid (Ambion
Inc., Austin, TX, USA). Total RNA (1.1 lg) was treated with RQ1
RNase-free DNase (Promega, Madison, WI, USA) and first strand
cDNA was synthesized using an oligo(dT)12)18 primer or random
primers and SuperScript II reverse transcriptase (Invitrogen, Carls-
bad, CA, USA).

One-hundredth of the resulting cDNA was subjected to 31 cycles
of amplification using ARF2-specific primers: ARF2-F1 5¢-
GCGAGTTCGGAGGTTTCAATGAAA-3¢ (location 4–27 nt); ARF2-R1
5¢-TCTGTAAAGAGCAGCCTCAGGGTCC-3¢ (location 156–180 nt).

The amplification conditions were initial denaturation at 94�C/
5 min; 31 cycles at 94�C/30 sec; 60�C/30 sec; 72�C/40 sec; and final
elongation 72�C/7 min.

For Northern blot analysis, total RNA was extracted from 7-day-
old, light-grown seedlings using RNAqueous RNA isolation kit with
Plant RNA isolation aid (Ambion). Twenty micrograms of total RNA
was fractionated by electrophoresis on 1.2% agarose gels contain-
ing 2.2 M formaldehyde and 1X MOPS [3-(N-morpholino) propane-
sulfonic acid] buffer, and blotted onto nylon Hybond N membrane
(Amersham-Pharmacia Biotech, Piscataway, NJ, USA). After cross
linking the RNA by UV irradiation, hybridization was carried out at
42�C for 16 h in hybridization buffer containing 32P-labeled ARF2
cDNA probe, 50% formamide, 10% dextran sulfate, 1X Denhardt’s
solution (0.02% Ficoll 400, 0.02% polyvinylpyrrolidone and 0.02%
BSA), 0.5% SDS, 3X SSC and 50 mM Tris-HCl (pH 7.5). The
membrane was washed three times with 0.2X SSC containing
0.1% SDS at 65�C. The expression levels were determined with a
Storm 860 PhosphorImager (Molecular Dynamics, Sunnyvale, CA,
USA).

Expression of the ACS genes (Yamagami et al., 2003) during
flower and silique development was determined by RT-PCR

analysis. Tissue samples were collected from seven developmental
stages depending on morphological appearance. Stage 1: flower
buds (stages 1–12); stage 2: flowers with anthesis (stages 13 and
14); stage 3: flowers with stigma extends above long stamen and
petals – petals and sepals withering (stages 14 and 15); stage 4: all
organs fall from siliques – immature siliques length with <5 mm
(stage 17A); stage 5: immature siliques with 5–12 mm length (stage
17A); stage 6: immature siliques with 12–15 mm length, not getting
thick yet (stage 17A); and stage 7: silique reaches its final length,
getting thick already (stage 17B). The corresponding stages of
flower development (shown in parenthesis) are those defined by
Ferrandiz et al. (1999). Total RNA was isolated from various stages
of flower and silique samples using RNAqueous RNA isolation kit
with Plant RNA isolation aid (Ambion). For each sample, 2.5 lg of
total RNA was treated with RQ1 RNase-free DNase (Promega) to
eliminate genomic DNA contamination. First strand cDNA was
synthesized with oligo(dT)24 primers using a SuperScript II reverse
transcriptase (Invitrogen). One-hundredth of the resulting cDNA
was subjected to 30 (ARF2), 35 (ACS genes) or 25 (control ACT8
gene) cycles of PCR amplification (95�C for 20 sec, 62�C for 20 sec,
72�C for 45 sec). The primers used for each ACS genes were
previously described (Yamagami et al., 2003). ACT8 gene-specific
primers described by An et al. (1996) were used for control
amplification.

Immunoblot analysis

The level of ARF2 protein expression in the various mutants and
transgenic lines was assessed by immunoblotting. We homogen-
ized a tenth of a gramof 7-day-old, light-grown seedlings in 500 ll of
SDS loading buffer: 250 mM Tris-HCl, 10% SDS, 25% glycerol, 0.1%
bromophenol blue, 10% b-mercaptoethanol (Li et al., 2004) and
heated at 75�C for 15 min, and then the supernatants were collected
by centrifugation; 15 ll was analyzed by SDS-PAGE (Weber et al.,
1972) and immunoblotting (Towbin et al., 1979). Immunoblots were
probed with a 1:1000 dilution of ARF2 antibody. The antibody–
antigen complex was visualized using the ECL Western blotting
analysis system (Amersham-Pharmacia Biotech) and exposure on
Kodak BioMax XAR film (Kodak, Rochester, NY, USA).

Microarray analysis

Microarray experiments and data analysis were performed exactly
as previously described (Okushima et al., 2005). The entire data set
has been deposited in the Gene Expression Omnibus database
(http://www.ncbi.nlm.nih.gov/geo/) with accession numbers
GSE631, GSM9620 and GSM9624–GSM9634.
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